Variation in bird morphology (notably sex size dimorphism) has been suggested to contribute to differences in food use between individuals. We explore the hypothesis of food partitioning (diet overlap and prey size selection) in two sympatric subspecies of the Great Cormorant Phalacrocorax carbo with respect to bird morphology (subspecies and sex) in inland French waters. These areas represent a recent and increasing contact zone used as a common non-territorial winter feeding area by the continental P. c. sinensis and the marine P. c. carbo subspecies. A high dietary overlap between subspecies and sexes was found at the major sites studied. Prey size selection was found to be site-specific and generally related to a gradient of structural size and body mass (male P. c. carbo > male P. c. sinensis > female P.
Introduction
Different strategies are developed by animals to exploit and to partition food resources between individuals, especially when resources are fluctuating (e.g. Marti et al. 1993 , Chesson & Huntly 1997 , Bolnick & Doebeli 2003 , Garcia & Arroyo 2005 . Between individuals of the same species, food niche partitioning is not the rule, particularly in colonial species, except when they are territorial feeders (Marion 1989) or when differences in resource requirements or behaviour are related to age or sex size dimorphism (Goss-Custard & Durell 1983, Lewis et al. 2006 , Slagsvold & Sonerud 2007 . Differences in body size (reflecting in particular sex size dimorphism) may contribute to differences in food use (e.g. Slatkin 1984 , Hedrick & Temeles 1989 , Shine 1989 , Bolnick & Doebeli 2003 , Zalewski 2007 . In birds, the presumed ecological importance of size dimorphism has been studied with reference to feeding ecology, including type and size of prey , Slagsvold & Sonerud 2007 , feeding areas (Weimerskirch et al. 1993 , Shaffer et al. 2001 ) and foraging strategies (Ydenberg & Forbes 1991 , Wanless et al. 1995 , González-Solís et al. 2000 . In most cases, studies on birds are carried out during the breeding season, when particular physiological, behavioural and energetic constraints (e.g. chick provisioning, interactions with partner) occur and govern food exploitation. These issues are rarely addressed outside the reproductive period, when individuals forage only for themselves.
In the present study, we address the question of food resource use in the Great Cormorant Phalacrocorax carbo with respect to bird morphology. The Great Cormorant is a large colonial waterbird species exhibiting size dimorphism between sexes and also between subspecies. It is an opportunistic, non-territorial predator which feeds almost exclusively on fish , Keller et al. 2003 . The only published data related to food partitioning in the Great Cormorant came from a study carried out in The Netherlands . In this study, the authors did not find differences in diet composition between sexes, but suggested that there was a positive link between sexual size dimorphism of birds (males > females) and prey size in some fish species. However, data consisted of a limited number of birds collected throughout the year (i.e. including breeders and wintering birds).
The two subspecies usually found in Europe are P. c. sinensis and P. c. carbo (Cramp & Simmons 1977 , del Hoyo et al. 1992 , although recent molecular investigations have shown a new marine subspecies, P. c. norvegicus, that occurs mainly in Norway (Marion & Le Gentil Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
-4 -2006). Traditionally, P. c. sinensis inhabits various freshwater habitats across continental Europe, mainly in Denmark and The Netherlands, and P. c. carbo, the marine subspecies, breeds on the coasts of the British Isles, France, Norway and Iceland (Cramp & Simmons 1977 , van Eerden & Gregersen 1995 , Marion 1995 , Marion & Le Gentil 2006 . Following near extinction in the mid-20th century, the P. c. sinensis subspecies has benefited from protection from human persecution (notably by the European Community Directive on the Conservation of Wild Birds in 1979), anthropogenic eutrophication of coastal and freshwater systems and the resulting increase in fish abundance (van Eerden & Gregersen 1995 , van Dam & Asbirk 1997 , Suter 1997 . It has increased from about 5300 breeding pairs in 1970 to 200 000 pairs in the late 1990s (van Dam & Asbirk 1997 , Marion 1997 . This spectacular increase has led to a strong geographical extension of the wintering population in Europe (Marion 2007) , where the two subspecies P. c. carbo and P. c. sinensis meet. Moreover, while there was still a strong ecological and geographical segregation between these subspecies during both breeding and wintering before 1992, with sympatric areas limited to brackish waters in estuaries during wintering (Marion 1983) , an increasing overlap occurred in northwest France in the 1990s (Marion 1994 (Marion , 1995 , which nowadays extends to a large proportion of the country (Fonteneau & Marion 2009 ). This significant overlap is due to the fact that the marine P. c. carbo subspecies invaded inland waters, resulting in mixed winter roosts and subsequently mixed breeding colonies in Western France (Marion & Le Gentil 2006) . A similar pattern has been reported recently in the UK (Goostrey et al. 1998 , Winney et al. 2001 , Newson et al. 2004 . In this context, this raises the question of the niche the P. c. carbo subspecies can occupy in freshwater habitats.
Indeed, the marine subspecies has evolved in rocky marine coasts where individuals have to hunt marine fish in a relatively harsh aquatic environment. These conditions are considered to explain the higher body size of P. c. carbo compared to that of P. c. sinensis, which has evolved in wetlands.
This situation offers us the opportunity to study niche partitioning of previously allopatric subspecies that now show increasing overlap during winter. Based on a large sample of wintering Great Cormorants shot in France in the same feeding areas (see below), we examined the extent of size dimorphism in four bird groups (two subspecies x two sexes), and determined whether differences in food niche in terms of type (trophic overlap) and size of prey (variable responses to prey species) existed between the Great Cormorant groups. Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
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Methods

Collection of birds
The spectacular increase in the European continental population of Great Cormorant and the reputation of the species for consuming large amounts of fish have resulted in the species acquiring a negative public image, resulting in conflicts with fisheries and aquacultures (e.g. Kirby et al. 1996 , Carss 2003 . Management actions, including widespread culling, have been taken in several countries to reduce these conflicts, notably in France, where culling reached up to 32 000 Great Cormorants in (Marion 2007 .
In the present study, all the Great Cormorants studied were shot (under Ministry of the Environment licences) in France (mainly in the western half), in feeding areas during the daytime period or in night roosts in 28 'départements' (administrative districts) during the winters of 2001/2002 to 2006/2007 (Fig. 1) . The Great Cormorants collected came from a variety of aquatic habitats (mainly large and medium-sized rivers, but also ponds, some inland marshes and reservoirs and to a lesser degree brackish and estuarine areas), where birds mainly feed solitarily. Birds were frozen (at -20°C) immediately after collection. To facilitate data analysis, all localities (1-7, mean ± sd = 2.9 ± 1.7) within a 'département' (hereafter called a 'site') were grouped, as they were always neighbouring.
Morphology of Great Cormorants
Recently, Newson et al. (2004) found that the shape of the gular pouch, an area of bare flesh on the face, is a useful characteristic for assigning individuals to subspecies. Birds with gular pouch angles ≤ 65° (measured after thawing) were classified into the P. c. carbo subspecies, and those with angles ≥ 73° or more to P. c. sinensis. Great Cormorants with gular pouch angles of 66-72° cannot be reliably differentiated using gular angle alone (Newson et al. 2004 ). There was no correlation between the gular pouch angle and the body size of birds for each Great Cormorant group (Pearson correlation, P > 0.05), therefore there was no bias in the body size distribution of both subspecies when discarding birds with a gular pouch ranging from 66° to 72°. P. c. norvegicus, which only represented 6.9% of wintering birds in the area studied, and whose gular pouch angles are included in those of P. c. carbo (J. Le Gentil & L. Marion unpubl. data), was not distinguished from the latter and we henceforth use the name of P. c. carbo for both marine subspecies. Birds were also sexed by gonad Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
-6 -examination and aged as immature or adult by plumage characteristics (Cramp & Simmons 1977) .
Several morphological measurements were taken: body mass (without stomach content ± 1 g), bill-length (from bill tip to exposed culmen ± 0.1 mm), bill-depth and bill-width (measured perpendicular to and including the lower mandible and exposed culmen ± 0.1 mm), tarsus-length (length of metatarsus from the anterior side of the ankle joint to the distal end of the metatarsus) and wing-length (from carpal joint to top of wing ± 1 mm).
Diet analysis
In the present study, the diet of birds identified to subspecies was reported. The diet was analysed from stomach contents and based on undigested prey, which represent the last prey consumed and thus were representative of the site where birds were shot. The body length of prey (from the tip of the closed mouth to the centre of the tail fork) was measured to the nearest millimetre for fresh fish or accurately estimated using relationships between other morphological measurements when fish were partially digested (Froese & Pauly 2007) . Total identified fish were used to calculate a symmetrical overlap index (Pianka 1974 ) within bird groups (subspecies and sexes) using: Ov = Σpiqi / (Σpi 2 . Σqi 2 ) 1 ⁄ 2 , where pi and qi are the proportion of species i, relative to the total number of species in the diet of bird groups. This index ranges from 0 to 1 (total overlap). Because Great Cormorants were collected in a variety of aquatic systems, the overlap index was computed at the site level, and only for the seven dominant sites (≥ 10 Great Cormorants with diet in each bird group).
Data analysis
Normality and homoscedasticity of Great Cormorant and fish data were tested using Kolmogorov-Smirnov and Bartlett's tests respectively before analyses. Differences in body
size across bird groups were tested with multivariate analysis of variance (MANOVA and Wilks' λ statistic). Post-hoc univariate F-tests (Tukey procedure) were used to perform comparisons between bird groups. There was no difference in body size between immature and adult Great Cormorants in each bird group (subspecies x sex, Student's t-tests, P > 0.05); therefore, age groups were pooled in the analyses. A series of preliminary two-way ANOVAs was conducted to study differences in the body length of each fish species between Great
Cormorant groups (i.e. subspecies or sex) and sites supporting similar bird groups. As the interaction group x site was significant in all analyses (P < 0.05), the effect of group was Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
-7 -examined separately for each site (one-way ANOVA or Student's t-test). Statistical tests were performed using SYSTAT (SPSS Inc. 1998, version 10.0).
Results
Bird groups and morphological features
Based on subspecies, but the P. c. carbo subspecies was also well-represented at all sites (16.7-67.6%).
Males represented 62.1% and 47.3% of the total number of birds in P. c. carbo and P. c. sinensis subspecies, respectively (Table 1) .
Great Cormorants of the four groups (subspecies and sexes) were arranged into a continuum of structural size (males of P. c. carbo > males of P. c. sinensis > females of P. c. carbo > females of P. c. sinensis). Significant differences were found in all structural variables (bill-length, bill-depth, bill-width, tarsus-length and wing-length) between bird groups. The overall F-test was significant (Wilks' λ = 0.255, F 15,3366 = 143.2, P < 0.001), as were all post-hoc univariate F-tests (P < 0.05). The bill-length and bill-depth were larger in males than in females in the two subspecies (+9.5% and +10.9% for the bill-length, +9.9%
and +11.3% for the bill-depth in P. c. carbo and P. c. sinensis subspecies, respectively; Table 1 ). Differences also occurred in the other structural characteristics between sexes in both subspecies, but to a lesser degree (from +4.2 to +7.8% for males; Table 1 ). For each morphological feature, birds of the P. c. carbo subspecies were larger than birds of the P. c. sinensis subspecies for each separate sex, but differences were more subtle than the size dimorphism found within each subspecies (from +1.0 to +5.9% compared to +4.2 to +11.3%; Table 1 ). Differences also occurred in body mass between bird groups (overall ANOVA, F 3,1223 = 287.0, P < 0.001), with a similar gradient in bird groups to that for the structural features. Males were heavier than females (+17.1% and +20.9% for P. c. carbo and Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
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Prey size selection
Before comparing prey size between Great Cormorant groups, we verified that possible differences in the length of fish consumed by bird groups were not caused by a few birds in a group having eaten many small fish. To test this, three classes of fish abundance were defined Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
-9 - prey size selection was found in a majority of sites for bream (six of a total of nine), then four of a total of nine sites for Roach and one of a total of four sites for Bleak and Eurasian Perch (Table 3) .
Discussion
Subspecies and sexual size dimorphism
Based on a large sample of Great Cormorants (n = 1227), we found that males exceeded females in all structural size variables in both subspecies, generally in the range of values already published (Cramp & Simmons 1977 , Newson et al. 2004 for P. c. sinensis, and Newson et al. 2004 . The body mass of the P. c. sinensis studied (adjusted for stomach content) was similar to that reported in The Netherlands . Conversely, it was much lower for the P. c. carbo we studied (2648 and 2261 g for males and females, respectively; Table 1 Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
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P. c. sinensis > females of P. c. carbo > females of P. c. sinensis). Several non-exclusive
hypotheses can be proposed to explain why P. c. carbo has low body mass in inland areas: (1) lighter individuals (i.e. more similar to P. c. sinensis) winter preferentially in inland waters as they are better adapted to these environments; (2) smaller birds of the same subspecies are rejected from the coast as they may be dominated by conspecifics (Fonteneau & Marion 2009 ); and (3) such birds have difficulty in coping with adverse environmental conditions on the coast. Interestingly, males of P. c. carbo wintering in inland wetlands were more numerous (62.1%) than females, despite their heavier body mass. Finally, differences in morphology of the Great Cormorants studied here were more marked between sexes (4.2-20.9%) than differences between subspecies (1.0-10.8%).
Comparison of diet between Great Cormorant groups
As shown elsewhere (Kirby et al. 1996 , Leopold et al. 1998 , diet analyses confirmed that
Great Cormorants feed on a wide variety of fish species. However, the diet was mainly composed of a few dominant prey species at the site level, especially cyprinids, which are very common in such freshwater aquatic systems (Keith & Allardi 2001) . Diet overlap was high in most cases, except in Vendée. At this site, both inland marshes and brackish areas are available for foraging, and the diet was composed of fish species from both habitats (Appendix 1). In this context, the two subspecies might focus on their traditional habitats (see Marion 1994 Marion , 1995 and probably on their usual prey species. This was not the case in the common inland feeding areas in the other sites where P. c. carbo were constrained to feed on freshwater prey species (Appendix 1). Curiously, in Vendée there was a larger segregation in diet overlap between sexes in P. c. sinensis (Ov = 0.241, the lowest value observed in the study), for which we have no explanation. It is therefore interesting to note that generally Great Cormorants of the marine subspecies, which use specific foraging techniques adapted to catch pelagic / benthic prey fish during most of their life stages (Grémillet et al. 1998) , are able during the wintering period to capture the same prey species as birds of the inland subspecies, considered a priori to be more adapted to exploiting shallow inland aquatic environments.
There were few general patterns in food partitioning. Prey size selection was site-specific:
generally males selected larger fish than females (see also Koffijberg & van Eerden 1995 for P. c. sinensis; Campo et al. 1993 and Casaux et al. 2001 for other cormorant Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
-11 -This result is in accord with the lower difference in body size between subspecies compared to that between sexes. This is reinforced in our study area by the fact that Great Cormorants of the P. c. carbo subspecies wintering in inland areas were smaller than those on the coast. The variability in food partitioning across sites may reflect differences in the availability of various size-class structures of prey species between sites, although we do not have the data to test this directly. It is obvious that additional investigations are required to analyse food partitioning of Great Cormorants of differing body size with respect to detailed data on fish stocks in feeding areas. Caution is also needed in our work when considering size-selection among prey species, because the number of sites used for studying prey size was sometimes too limited for some species (e.g. Barbel Barbus barbus, Black Bullhead, Pumpkinseed
Lepomis gibbosus and Rudd Scardinius erythrophthalmus).
For Bleak, no difference in the size of individuals was found between Great Cormorant sexes in the two subspecies, probably because it is a small-sized fish species. The prey size selection by Great Cormorants observed among the dominant fish species (bream, Eurasian Perch and Roach) might be related to their body shape, as we found more cases of prey size-selection in bream (laterally flattened body) than in Roach (fusiform). Several authors , Veldkamp 1995 have suggested that bream would be harder to swallow for Great Cormorants compared to more elongated fish species. This may be true given the results of the present study, even if mean body size values of bream in the diet of Great Cormorants were not very large (≤ 130 mm).
Because the Great Cormorant is an opportunist predator, one might consider that the dominance of a fish species in the diet should reflect the importance of this prey species in the feeding areas. According to Pianka's (1974) hypothesis (see also Bolnick & Doebeli 2003) , a high diet overlap is expected when resources are abundant. In this context, one would predict that competition between different Great Cormorant groups for consumption of a dominant fish species should be limited in common feeding areas. However, in the present study, prey size-selection (between Great Cormorant groups) was found for all dominant fish species at some sites. Thus, food partitioning between sympatric Great Cormorants involved additional factors, such as bird morphology-related mechanisms, rather than fish availability alone. Koffijberg and van Eerden (1995) suggested that P. c. sinensis males with a larger bill should have a better handling performance for some fish species, and illustrated this with a Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
Sex morphology-related mechanisms in prey selection
-12 -powerful fish, the European Eel Anguilla anguilla. In the present study, the dominant species in the diet of Great Cormorants were supposedly easy prey to handle and bill dimensions could not apparently directly explain the difference in the size of fish captured. However, we cannot exclude the fact that the thin bill of females makes catching and / or swallowing small fish more efficient than large fish.
Great Cormorants are foot-propelled divers and, as for other seabirds or mammals showing a sexual size dimorphism, the diving depth is strongly influenced by body mass (Cooper 1986 , Le Boeuf et al. 1993 , Lewis et al. 2006 . Not surprisingly, in several marine cormorant species, males, which are heavier than females, were found to dive deeper and for longer durations than females (Watanuki et al. 1996 , Kato et al. 1999 , Cook et al. 2007 ), suggesting vertical niche segregation. This leads to the consumption of different prey species:
males feed mainly on benthic fish, whereas females catch more pelagic fish (Ishikawa & Watanuki 2002 , Anderson et al. 2004 ). In the present study, no real segregation in diving depth could be expected because the water depth in inland feeding sites rarely exceeded 5 m.
This may partly explain the high diet overlap found in the Great Cormorant groups. In the inland aquatic environment, differences in swimming performance could reflect differences in the ability to catch large fish. Because sustained and 'burst' swimming speeds of fish are related to fish length (Sambilay 1990 , Froese & Pauly 2007 , large fish could be much more difficult to catch than small fish, and larger Great Cormorants (i.e. males), which swim faster than females, might have an advantage , Cook et al. 2008 . Lastly, Great Cormorants have a partially wettable plumage (Grémillet et al. 2005) , which leads to poor insulation and large thermoregulatory costs when fishing (Grémillet & Wilson 1999 , Grémillet et al. 2001 ). Grémillet and Wilson (1999) found that size dimorphism in the Great
Cormorant plays an important role in energetic needs and thermoregulatory costs, and can therefore explain differences in fishing activity and efficiency. Although these studies concerned Nordic areas, these factors might be important in France during severe winters, but winters were relatively mild during our study period.
Implications of niche overlap on the maintainance of Great Cormorant subspecies
Historically, European Great Cormorant subspecies, which probably differentiated in the Pleistocene (Marion & Le Gentil 2006) , represented ecological adaptation to distinct habitats (marine vs. inland waters). These habitat preferences persisted, even in winter, until the beginning of the 1980s (Marion 1983) , when the two subspecies progressively overlapped Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
-13 -during winter in Western France (Marion 1995) , generating mixed inland colonies in this area (Marion 1983 , Marion & Le Gentil 2006 . A similar pattern was reported in the UK (Goostrey et al. 1998 , Winney et al. 2001 , Newson et al. 2004 ). The present study showed that wintering P. c. carbo occurs on inland waters across most of France, and that there is a high degree of diet overlap between the two subspecies. P. c. carbo can thus be viewed as an efficient generalist forager in both freshwater and marine habitats, and can apparently occupy more or less the same niche as P. c. sinensis during the nonbreeding period. In this recent contact area, ecological boundaries between subspecies are probably less clear now than in the past. Fonteneau et al. -2009 -Relationships between bird morphology and prey selection in two sympatric Great Cormorant Phalacrocorax carbo subspecies during winter.
-14 - All measurements in mm except the body mass in g. -denotes absence of prey species. *: the sites detailed in the table plus 14 other sites with a low number of Great Cormorants (< 20 birds with food item in each site). See the list of sites and codes on Fig. 1 .
